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Open access under the ElThe capacity of a periodic mesoporous organosilica (PMO) to adsorb the aromatic compounds benzene,
toluene, o-, and p-xylenes (BTX), which are usually present in produced waters, was investigated under
both column and batch processes. The PMO was synthesized by condensation of 1,4 bis(triethoxisi-
lyl)benzene (BTEB) under acidic conditions by using structure-directing agent (SDA) Pluronic P123 in
the presence of KCl. Thermogravimetric analysis showed that the presence of the surfactant decreases
the thermal stability of the PMO. The small-angle X-ray diffraction pattern, as well as the nitrogen
adsorption/desorption isotherm measurements, revealed that the synthesized material has a crystalline
structure, with hexagonally-ordered cylindrical mesopores. The adsorption kinetics study indicated an
adsorption equilibrium time of 50 min and also showed that the data best ﬁtted the pseudo-ﬁrst order
kinetic model. The intraparticle diffusion model was also tested and pointed to the occurrence of such
process in all cases. Both Langmuir and Temkin models best represented the adsorption isotherms of tol-
uene; Langmuir and Redlich–Peterson models best represented the data obtained for the other com-
pounds. Adsorption capacity decreases in the order benzene > o-xylene > p-xylene > toluene.
Satisfactory results were observed in the application of the synthesized PMO for the removal of BTX from
aqueous solution.
 2011 Elsevier Inc. Open access under the Elsevier OA license. 1. Introduction In this method, factors such as the proper surfactant molecule,Several applications have been found for porous materials with
large speciﬁc surface areas. As an example, silicate or aluminosili-
cate molecular sieves containing ordered mesotubes with i.d. of
about 20–500 Å, modeled from liquid crystals, were developed by
researchers from Mobil in 1992 and are referred to as M41S [1].
The most studied materials in the M41S family are: MCM-41,
which has a hexagonal mesoporous arrangement; MCM-48, which
has a cubic mesoporous arrangement; and MCM-50, which has a
lamellar structure [1,2].
The methods of synthesis of structured porous materials are
classiﬁed as exotemplate and endotemplate methods. In the exo-
template method, a porous solid is used as the structure directing
agent (SDA), around which the synthesized material is formed. In
the endotemplate method, a surfactant is usually used as the
SDA. In this case, micelles are formed by molecules of the surfac-
tant, resulting in a liquid–crystalline phase within the synthesis
system in aqueous media, around which the material is condensed.sevier OA license. temperature, the solvent used, and the puriﬁcation methodology
are extremely important [1–6].
One of the surfactants that may be used in the synthesis of
MCM-41 is Pluronic 123 (P123). The structure of this triblock
copolymer consists of a central block of polypropylene oxide
(PPO) and side blocks of polyethylene oxide (PEO), with molecular
formula PEO21PPO67PEO21 [7,8].
The composition of the mesotubes walls in mesoporous organo-
silicas differs from that found in tetraethoxysilane. In the latter, the
chemical structure is restricted to silicate units with minimum for-
mula SiO2; in periodic mesoporous organosilicas (PMOs), instead,
an organic molecule is covalently linked between two silicon
atoms, resulting in the minimum formula O1,5Si-R-SiO1,5. The ‘‘R’’
group represents a fragment of an organic molecule such as benzyl
or ethyl, previously chosen to ﬁt a particular application in ﬁelds
like catalysis, enzymatic reactions, adsorption, chromatography,
petroleum reﬁning, polymerization, partial oxidation of organic
molecules, and adsorption [9–12].
In the adsorption process, interactions between the adsorbent
surface and adsorbate molecules result from uncompensated
attractive forces between these species. According to the type of
Table 1
Physical and structural properties of surfactant P123.
Pluronic Molecular weight (g mol1) (PO)y (EO)x Melting point (C)
P123 5750 70 20 90
Fig. 1. Scheme of the PMO synthesis.
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(physisorption) or chemical adsorption (chemisorption) [13,14].
In addition, processes involving the treatment in ﬁxed bed col-
umns and batch have been investigated for the removal of organic
pollutants in water [15]. These methods are attractive because the
adsorbate present in the solution rapidly adsorbs at its ﬁrst contact
with the solute-free solid adsorbent particles.
In the secondary recovery process of petroleum extraction, large
amounts of water are injected in oil wells and have to be discarded
into the sea [16,17]. This water, named produced water, typically
contains high concentrations of salts as well as complex mixtures
of organic and inorganic compounds. It generally contains miner-
als, dissolved and dispersed oily constituents, chemicals, dissolved
gases, and solids. Some of these compounds are quite resistant to
conventional treatment processes [17,18].
Adsorption processes using PMO as an adsorbent have been ap-
plied for the removal of nonpolar organic compounds present in
produced water. In order to better understand these processes
and to make them more efﬁcient, equilibrium adsorption data
are used in kinetics and mass transfer models that have been pro-
posed and used to predict the behavior of adsorption systems as
well as the mechanisms involved [19].
In this work, a solid matrix, PMO, was synthesized and tested as
adsorbent for removal of organic compounds, namely benzene, tol-
uene, o-xylene, and p-xylene (BTX), which are usually present in
produced waters. The adsorption efﬁciency of BTXs as well as the
use of isotherms and kinetics adsorption models and breakthrough
curves for the prediction of the mechanisms involved was
investigated.2. Materials and methods
2.1. Chemicals and reagents
In the adsorption experiments, analytical-grade benzene, tolu-
ene and xylenes (AccuStandard, USA), and Milli-Q water were used.
The compound 1,4-bis(triethoxysilyl)benzene (BTEB) (Sigma–
Aldrich, Brazil) was used as the silica source in the synthesis of
the PMO. Potassium chloride, ethanol (Synth, Brazil), and surfac-
tant Pluronic P123 (Sigma–Aldrich, Brazil) were also used.
In Table 1 some of the physical properties of Pluronic P123 are
presented.2.2. Synthesis of the PMO
The proper amounts of P123, KCl and HCl 0.167 M were
weighted in a polypropylene ﬂask. The system was kept in thermo-
static bath at 40 C for 4 h and allowed to rest overnight. After that
under argon atmosphere, BTEB was added, so that the molar ratio
was 29.58 BTEB: 1.0 P123: 226.75 KCl: 38 HCl: 12,583 H2O. The
mixture was mechanically stirred for 1 h in a 45 C bath.
In the next step, the reaction mixture was heated and kept at
100 C for 24 h, in a Teﬂon autoclave. The removal of the surfactant
was carried out by solvent extraction at 70 C for 8 h with a 2%
v v1 HCl solution in 95% v v1 ethanol medium, followed by a
rinse with ethanol and deionised water. The steps followed in
the synthesis of the PMO are represented schematically in Fig. 1.2.3. Characterization of the PMO
The characterization of the PMO was achieved by X-ray diffrac-
tion (XRD), in a ZMS Mini II instrument (Rigaku, Japan), and ther-
mogravimetry (TG) under argon atmosphere in a platinum cell,
using a TGA-50H thermogravimetric analyzer (Shimadzu, Japan).The pore diameter was determined by the Barret–Joyner–
Halenda (BJH) method with an ASAP 2020 device (Micromeritics,
USA).
Nuclear Magnetic Resonance (NMR) analyses were performed
in the Materials Termochemistry Laboratory, Chemistry Institute,
State University of Campinas (UNICAMP, Brazil). 29Si and 13C spec-
tra were obtained in an Avancell-400 spectrometer (Bruker,
Germany) with silicon nitride rotor and operating frequencies of
79.49 MHz and 100.61 MHz, respectively. 29Si NMR analysis was
performed using a 5-ms, 84.4-degree excitation pulse, spinning
rate of 2300. 13C NMR analysis was performed using a 5-ms,
28.4-degree excitation pulse, spinning rate of 6000.2.4. Adsorption studies
2.4.1. Batch adsorption study
An orbital shaker device set to operate at 200 rpm and 28 ± 1 C
and 50-mL glass Erlenmeyers sealed with PVC ﬁlm were used in
the experiments. There was no considerable adsorption of analytes
on the walls of the ﬂasks, what was veriﬁed by comparing the BTXs
concentrations in reaction mixtures with and without the
adsorbent.
The ﬁrst batch test was carried out to evaluate the adsorption
capacity of the PMO. Thus, 200 mg of the adsorbent was added to
50 mL of solution containing the four BTX (10 mg L1 each) and
stirred for 24 h prior to analysis. After this period, 1-lL aliquots
of the supernatant were analyzed. A control solution, with no
adsorbent added, was used as reference for the initial BTX
concentrations.
In the adsorption kinetics experiments, 200 mg of the adsorbent
and 50 mL of the BTX solution were added to each ﬂask. About
200-lL aliquots of the supernatant was collected in regular periods
of time and immediately analyzed by gas chromatography–mass
spectrometry (GC–MS), up to a 120-min total time.
In the adsorption isotherms experiments, 100 mg of the adsor-
bent material and 20 mL of the BTXs solution were also used, but
this time, the solution was added to the Erlenmeyers under
different dilutions, corresponding to mass of adsorbent in the
range of 25–200 mg L1. After agitation for 24 h, the adsorbent
628 C.P. Moura et al. / Journal of Colloid and Interface Science 363 (2011) 626–634was removed by paper ﬁltration and the respective solutions were
analyzed by GC–MS.
The adsorption capacity, expressed as the amount of BTX ad-
sorbed per gram of adsorbent (mg g1), was calculated as follows:
qe ¼
VðCo  CeÞ
m
ð1Þ
where qe, C0, and Ce are the amount of BTX adsorbed (mg g1) at
equilibrium, the initial and equilibrium concentration of BTX
(mg L1) in solution, respectively. V is the volume (L) of solution
in the ﬂask and m (g) is the mass of adsorbent.
2.4.2. Breakthrough curves
An adsorption column (6.0 cm height and 1.0 cm diameter) was
prepared with the adsorbent PMO (200 mg) and used to remove
BTX from aqueous solution. About 100 mL of the multi-component
BTX solution (10 mg L1 each) was passed through the static col-
umn under a ﬂow rate of 1.0 mL min1, and post-column fractions
were collected. The results were used to build the breakthrough
curve and to determine the breaking point.
2.5. Quantitative analyses
The quantiﬁcation of BTX was done by gas chromatography–
mass spectrometry (GC–MS), with a QP2010 PLUS system (Shima-
dzu, Japan). Carrier gas helium (ﬂow rate 1 mL min1) was used
under 53.5 kPa. The sample injection volume was 1 lL in split
mode (1:10). A DB-5 column was used (30 m length, 0.25 mm
i.d., 0.25 lm ﬁlm thickness).
The oven temperature was programmed from 50 C (holding
time 1 min) to 70 C at 5 C min1, and then to 200 C at
20 C min1 holding the ﬁnal temperature for 20 min.Fig. 2. TG (a) and DTG (b) proﬁles for the synthesized organosilica bef
Fig. 3. TG and DTG curves of PMO with deconvolution and enl3. Results and discussion
3.1. Characterization of the adsorbent
3.1.1. Thermogravimetric analysis
The removal of SDA P123 from the synthesized PMO was mon-
itored by TG. Fig. 2 displays the TG proﬁle and the corresponding
differential TG (DTG) pattern of the as-synthesized organosilica
(PMOP123) as well as after the extraction of the surfactant
(PMO). As can be seen, there is a tendency toward weight decrease
as temperature is increased. However, when the surfactant is not
removed (PMOP123), the PMO shows considerably higher
instability.
Up to 600 C, 65% of its mass is lost due to the extractable sur-
factant, which accelerated the degradation. In the same tempera-
ture range, the mass is decreased no more than 25% in the
sample from which the surfactant had been previously removed.
The DTG proﬁle indicates that the burning of the surfactant
occurs in the temperature range from 160 C to 300 C, with endo-
thermic peak at 180 C. Mass decrease is also observed in the range
from 35 C to 100 C and is attributed to vaporization of ethanol
and water [20,21].
Fig. 3 shows TG and DTG curves for the PMO after treatment
with acidic ethanol solution for removal of the surfactant P123.
Mass variations occur in four temperature ranges: 35–100 C,
300–400 C, 500–670 C and 670–880 C. These changes are usu-
ally assigned to be respectively related to (a) vaporization of water
and ethanol, (b) degradation of non-extracted surfactant, (c) degra-
dation of organic groups (namely aromatic rings), and (d) conden-
sation of vicinal silanol groups, leading to the formation of silicon
oxide or silica [10]. The results indicate that the basic structure of
the hybrid material is relatively stable up to 400 C. Theore (PMOP123) (A) and after the surfactant extraction (PMO) (B).
argement (left), region between 550 C and 850 C (right).
Table 2
Data obtained by deconvolution of the peak in the region between 550 C and 850 C.
Sample P A TC PW PH R (%)
PMO 1 14.499 666 132 0.099 58
2 10.538 773 66 0.103 42
P (peak); A (peak areas); TC (temperature in the peak center); PW (peak width); PH
(peak height); R (relative percentage).
Fig. 4. X-ray diffraction pattern of PMO.
Table 3
Structural parameters of the synthesized PMO.
a0 (nm) ABET (m2 g1) pd (nm) Vt (cm3 g1) t (nm)
13.59 484.03 7.49 0.814 6.10
ABET: speciﬁc surface area; pd: pore diameter calculated by BJH desorption curve
method; Vt: total pore volume at relative pressure 0.98; t: pore wall thickness
(t = a0  pd).
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of both the degradation of organic functions and condensation of
silanol groups, in this order.
The calculated areas of the highlighted peaks are presented in
Table 2. The values obtained indicate that the aromatic fraction
and silica contribute with about 58% and 42%, respectively, of the
water-, ethanol-, and surfactant-free PMO. These values are consis-
tent with an organized structure, corresponding to an aromatic
group (C6H6) for each silicate group.
3.1.2. X-ray diffraction
Fig. 4 shows the XRD patterns of the synthesized sample. The
peak at 2h near 0.9 was observed, which is related to (d100) hexag-
onal structures. It is reported elsewhere [22,23] that small peaks,
with low angles of diffraction between 0.9 and 2.1 indicate the
formation of a hexagonal structure.
The position of the diffraction angle of the (1 0 0) plane can be
used to determine the unit parameter, a0, of the hexagonally-or-
dered PMO, which is deﬁned by the sum of the values of pore
diameter and wall thickness [24].
Eq. (2) was used to calculate the unit parameter.
a0 ¼ 2d100ﬃﬃﬃ
3
p ð2ÞFig. 5. PMO adsorption–d3.1.3. N2 adsorption and desorption
From nitrogen adsorption and desorption analysis, a type-IV
BET isotherm was obtained, as seen in Fig. 5, which indicates uni-
form mesoporosity and type-H1 hysteresis. A second hysteresis is
observed under relative pressure greater than 0.80, which
branches increasingly up the relative pressure near unit. This im-
plies the existence of large amounts of two-dimensional and hex-
agonal cylindrical pores, with meso and macro dimensions [22],
consistent with X-ray diffraction data, which predicted a hexago-
nal pore distribution. The pore size distribution curve conﬁrms
the mesoporosity (4.0 nm).
Table 3 summarizes the structural parameters obtained from N2
adsorption and desorption.
3.1.4. Nuclear Magnetic Resonance
29Si and 13C solid-state Nuclear Magnetic Resonance (NMR) can
be used to evaluate the efﬁciency of condensation of the hybrid sil-
ica in the formation of hybrid materials. Fig. 7 shows the 29Si NMR
spectrum of PMO. Three strong signals are observed at 59 ppm
(T2[C–Si(OH)(OSi)2]), 70 ppm (T3[C–Si(OSi)3]) and 79 ppm
result from a combination of T3 and Q1 silicon species
([RO–Si(OH)2(OSi)]) (Fig. 6) [25].
The completely condensed organosilica unit consists of silicon
atoms tetrahedrically coordinated, bonded to three oxygen atoms
and to one carbon atom from the aromatic organic fragment. These
species are identiﬁed by the T3 signal, which prevails in the sample.
If one of the oxygen atoms is substituted by the terminal OH group,
T2 signals appear, what conﬁrms that the aromatic organic group
(benzene ring) is covalently linked to silicon atoms and incorpo-
rated to the pore walls of the hybrid organosilica formed [26].
The occurrence of the T2 signal indicates that silicon species in
the PMO structure are not completely hydrolyzed, so incomplete
condensation sites remain. The Q1 signal indicates silicon sites
where the C–Si bonds have been cleaved under the synthesis con-
ditions [27,28].
Two 13C RMN signals are expected to be related to the aromatic
group in the simetrically substituted and condensed organosilica,
corresponding to the two carbon atoms in the aril group
(164 ppm) and to the remaining non-substituted ones in the aro-
matic ring (34 ppm), respectively [29]. In Fig. 8, two other signalsesorption isotherm.
Fig. 6. Tetrahedrical units of condensed silicon in PMOs, identiﬁable by solid-state 29Si RMN.
Fig. 7. 29Si solid-state NMR spectrum of PMO.
Fig. 8. 13C solid-state NMR spectrum of PMO.
Fig. 9. Removal efﬁciency of the PMO. Conditions: 200 mg of adsorbent, 50 mL of
aqueous solution containing the four BTX (10 mg L1 each), 24-h stirring.
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group, which is present due to incomplete condensation of silica
sources, and the surfactant that was not completely extracted by
ethanol in acidic conditions. The presence of such remaining sur-
factant was also detected by TG analyses.
3.2. Adsorption studies
3.2.1. Batch adsorption tests
The removal efﬁciency reached was higher than 60%, except for
benzene, whose adsorption efﬁciency was 44% (Fig. 9).
Van der Waals interaction is expected to play an important role
in the adsorption of BTX onto PMO, especially due to the displace-
ment of electrons in the aromatic ring of the BTX species, what
may result in intense London dispersion forces between the solute
molecules and the adsorbent surface. In addition, structural char-
acteristics of the PMO, such as pore diameter and high surface area
may have contributed to the removal efﬁciencies observed [26].
The pseudo-ﬁrst order (Eq. (3)), pseudo-second order (Eq. (4))
and Weber and Morris (Eq. (5)) kinetic models were tested to
determine the kinetic rate in the adsorption process of each BTX
onto the PMO, as well as the mechanisms involved.
The angular and linear coefﬁcients of equations obtained by lin-
ear regression were used for the calculation of constants k1 and k2,
shown in Table 4.Table 4
Parameters of kinetic models of adsorption pseudo-ﬁrst order and pseudo-second order.
BTX qe (mg g1) Pseudo-ﬁrst order model Pseu
qc (mg g1) k1 (min1) R2 qc (m
Benzene 0.6803 0.5262 0.0590 0.9785 0.91
Toluene 0.6601 0.5695 0.0562 0.9914 1.32
p-Xylene 0.6300 0.4222 0.0544 0.9810 0.34
o-Xylene 0.6207 0.4854 0.0535 0.9724 1.03logðqe  qtÞ ¼ log qe 
k1
2302
 
t ð3Þ
t
qt
¼ 1
k2  q2e
þ 1
qe
t ð4Þ
qt ¼ kf  t0:5 ð5Þ
where qe and qt are the amounts of BTX adsorbed (mg g1) at equi-
librium and at any time t (min), respectively, k1 (min1) is the rate
constant for the pseudo-ﬁrst order model, k2 (g mg1 min1) is the
rate constant for the pseudo-second order model, and kf
(mg g1 min0.5) is the Weber and Morris constant.do-second order model Weber and Morris model
g g1) k2 (g mg1 min1) R2 kf R2
18 7.4802 0.9835 0.2924 0.9317
07 11.6271 0.9833 0.2301 0.8883
99 10.4373 0.9430 0.1901 0.9880
58 11.5686 0.9808 0.2734 0.9610
Fig. 10. Equilibrium time of adsorption for benzene (a), toluene (b), p-xylene (c) and o-xylene. Conditions: 200 mg of the adsorbent and 50 mL of solution containing the four
BTXs (10 mg L1 each).
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time for p-xylene was 40 min, as the other compounds reached
equilibrium in approximately 60 min (Fig. 10).
Considering the proximity between qe and qc, as well as the
highest R2 values as indication of the best ﬁttings (Table 4), it
was found that the pseudo-ﬁrst order model best represented the
kinetics data for BTX (Fig. 11).
According to some authors, pseudo-ﬁrst order model may be re-
lated to the occurrence of physical sorption, which may control the
reaction rate [14,15].
According to the Weber and Morris model, given in Eq. (5) to
elucidate the diffusion mechanism, if a linear curve is obtained
and it passes through the origin, the predominant mechanism
for the adsorption is diffusion [30]. In this work, the behavior of
the qt versus t0.5 graph is initially linear, indicating that the diffu-
sion process occurs. However, it was not the only rate-controlling
step.
Study of adsorption equilibrium isotherms is an important step
in investigating adsorption processes since it makes it possible to
identify the relationship between the amounts of analyte adsorbed
and in solution, after equilibrium is reached [15]. In the present
study, nonlinear methods were used to estimate the isotherm
parameters of Langmuir, Freundlich [15], Temkin [31], and
Redlich–Peterson [32] models for a better understanding of the
interactions between adsorbent materials and organic adsorbates.
The sum of the squares of the errors (SSE) was examined for every
experimental data set, and the parameters of the isotherm models
were determined for the lowest error values in each case, by
adjusting and optimizing the functions themselves using the solver
add-in for Microsoft Excel software. Moreover, the lowest values of
the error function SSE and the determination coefﬁcients R2 were
taken into account and used for the statistical evaluation of how
well the experimental data ﬁtted to each isotherm model. Error
function SSE is represented by the following equation:XP
i¼1
ðqe;cal  qe;expÞ2i ð6Þ
The Langmuir isotherm is based on the assumption that adsorp-
tion takes place at speciﬁc homogeneous sites within the adsor-
bent, and there is no signiﬁcant interaction among adsorbed
species [15]. The adsorbent is saturated after one layer of adsorbed
molecules is formed on the adsorbent surface [31]. The Langmuir
isotherm is represented by
qe ¼
KL  qmax  Ce
ð1þ KL  CeÞ ð7Þ
where Ce is the solute concentration at equilibrium (mg L1), qe is
the amount of BTXs adsorbed at equilibrium (mg g1), qmax is the
monolayer capacity of the adsorbent (mg g1), and KL is the Lang-
muir adsorption constant related to the energy of adsorption
(L mg1).
The Freundlich isotherm model takes multilayer and heteroge-
neous adsorption into account [32]. The Freundlich isotherm mod-
el is given by
Qe ¼ KF  C
1
n
e ð8Þ
where KF (L mg1) and n are Freundlich adsorption isotherm con-
stants, indicative of the saturation capacity and intensity of adsorp-
tion. It is well known that ‘‘1/n’’ values between 0.1 and 1 indicate a
favorable adsorption [31]. In this work, the value obtained from 1/n
was not close to unit, as shown in Table 5, what implies stronger
interaction between adsorbent and BTXs.
Redlich–Peterson model is represented by a three-parameter,
empirical equation, capable of representing adsorption equilibrium
over a wide concentration range [32]. The equation has the form
Table 5
Parameters of isotherms models.
Benzene Toluene p-Xylene o-Xylene
Langmuir Qmáx 7.041 5.147 6.085 6.349
KL 0.215 0.444 0.143 0.125
R2 0.992 0.884 0.994 0.999
SSE 0.477 1.602 1.128 0.454
Freundlich KF 1.502 1.702 1.054 0.856
1/n 0.502 0.385 0.514 0.607
R2 0.914 0.644 0.985 0.989
SSE 1.278 2.172 0.951 0.759
Temkin B 1.469 1.104 0.947 1.181
KT 2.444 4.447 3.553 1.802
R2 0.997 0.902 0.997 0.971
SSE 0.547 1.397 1.803 0.799
Redlich–Peterson KRP 1.384 2.748 5.389 0.609
a 0.153 0.692 4.202 0.013
b 1.087 0.905 0.541 1.712
R2 0.995 0.849 0.993 0.996
SSE 0.466 1.555 0.941 0.370
Fig. 11. Study of the adsorption kinetics: pseudo-ﬁrst order (A), pseudo-second order (B) and Weber and Morris (C). Conditions: 200 mg of the adsorbent and 50 mL of
solution containing the four BTXs (10 mg L1 each).
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KRP  Ce
ð1þ Cbe  aRPÞ
ð9Þ
where KRP (L mg1), aRP (L mg1) and b are Redlich–Peterson
parameters.
The Redlich–Peterson model incorporates the characteristics of
Langmuir and Freundlich isotherms into a single equation. Two
limiting behaviors exist, i.e., Langmuir form for b equal 1 and
Henry’s law form for b equal 0 [32]. Eq. (9) is reduced to a linear
isotherm at low surface coverage and to the Langmuir isotherm
when b is 1. The b values are not close to 0 (Table 5). This means
that the data can preferably be ﬁtted with the Langmuir form for
these BTXs.
The Temkin model considers the effects of some indirect adsor-
bate–adsorbate interactions on adsorption isotherms, and because
of these interactions, heats of adsorption would more often de-
crease than increase with increasing coverage [31]. This equation
has the form
Qe ¼ B  lnða  CeÞ ð10Þ
where the term B corresponds to RT/b, T is absolute temperature (K),
R is the gas constant, b is the Temkin constant related to the heat of
sorption (kJ mol1), a is the Temkin isotherm constant (L g1), and
Ce is the equilibrium concentration (mg L1).
The derivation of the Temkin isotherm is based on the assump-
tion that the decline of the heat of sorption as a function of temper-
ature is linear rather than logarithmic, as implied in the Freundlich
equation.
Fig. 12 displays the adsorption isotherms of BTXs according to
the different models. The calculated parameters are shown inTable 5 and were used to identify the models that best ﬁt the
experimental data.
When the highest R2 and the lowest error function values are
considered simultaneously as indicative of the best ﬁttings, it is
found that the Langmuir and Redlich–Peterson models best repre-
sent the isotherm curves. This means that the adsorption of the
BTX onto PMO possibly occurred according to the conditions as-
sumed in both models, that is, the adsorption is a monolayer phe-
nomenon, and the adsorption sites are not identical to each other,
resulting in different afﬁnities between the solutes and the
adsorbent.
Fig. 13. Breakthrough curves for benzene (A), toluene (B), p-xylene (C) and o-xylene (D). BTX concentration: 10 mg L1; ﬂow rate: 1.0 mL min1; bed height: 1.0 cm; room
temperature: 28 ± 2 C.
Fig. 12. Adsorption isotherms of benzene (A), toluene (B), o-xylene (C) and p-xylene (D).
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each other, and one can notice that these values varied according
to the efﬁciency of removal (Fig. 9), except for benzene, which
had a higher Qmax and lower efﬁciency of removal. On the other
hand, in all cases the efﬁciency of removal followed an inverse or-
der of the respective values of solubility in water, what may reﬂect
the inﬂuence of this property on the adsorption capacities, since
the solvent attracts and surrounds the solute molecules, prevent-
ing them from being adsorbed [15].3.2.2. Breakthrough curves
The breakthrough curves were obtained by plotting C/C0 versus
the volume of 10-mg L1 BTX solution, in order to determine both
the volume and capacity of saturation. Fig. 13 shows the break-
through curves for the BTX studied. It can be observed that the
breakthrough volumes are 35 mL. The saturation volumes (Vx)
were found to be 80 mL, in 50 min (tx).
The maximum capacity of removal of BTX in column is given by
Eq. (11) [33–35]. The values of Q are 0.7 mg g1. Operational col-
634 C.P. Moura et al. / Journal of Colloid and Interface Science 363 (2011) 626–634umn parameters are helpful in designing a ﬁxed adsorbent for BTX
removal from aqueous solution.
Q ¼ C0  V
ms
Z t¼x
t¼0
1 C
C0
 
dt ð11Þ
where Q is the maximum adsorption capacity (mg g1); C0 and C are
the initial concentration of the solution and the concentration of
BTX in a determined volume (mg L1), respectively; ms is the mass
of the adsorbent (g); V is the ﬂow rate (L min1) and the time is gi-
ven in minutes.
The length of ‘Unused Bed’ (LUB) was calculated using Eq. (12):
LUB ¼ L 1 Vb
V
 
ð12Þ
where L is the height of the bed (cm), Vb is the breakthrough volume
(mL), and V is the stoichiometric volume (mL), which corresponds
to less than half the saturation volume (Vx). The values of LUB are
0.125 cm.4. Conclusions
The synthesized PMO was characterized by XRD, BET, TG, and
NMR techniques. The results showed that the material has hexag-
onally ordered mesopores in a crystalline structure, resistant to
heat treatment up to 340 C.
The kinetics study revealed adsorption equilibrium time of
50 min. After 50 min of contact between adsorbent and BTXs, a
tendency of the system to reach the equilibrium was observed.
Considering the proximity between qe and qc, as well as the highest
R2 values as indicative of the best ﬁttings, the results were found to
be better adjusted to the kinetic model of pseudo-ﬁrst order.
Concerning the adsorption isotherm experiments, the highest
R2 and the lowest error function values were taken as indicatives
of the best ﬁttings. Langmuir and Redlich–Peterson isotherm mod-
els were found to best represent the data obtained for all BTX,
except toluene, best represented by both Langmuir and Temkin
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